Interleukin-1a (IL-1a) is secreted by a variety of cell types and is a major player in immune and inflammatory processes. Genes involved in immunological processes are known to be strictly regulated; however, how epigenetic mechanisms contribute to this regulation in not understood. To gain insight into the epigenetic regulation of the human TATA-less IL-1A gene, we show that active and silent chromatin modifications characterize the regulatory regions of IL-1a in expressing and non-expressing cells, respectively, and that the DNA methylation in the proximal promoter is associated with the expression status of the cells. Interestingly, although nucleosome depletion in active promoters is found in yeast and fly genes, now it has been reported in human promoters. We here show on the level of single DNA molecules that in expressing cells, a nucleosome is absent in about half of the proximal IL-1a promoters. This observation might reflect a more subtle regulation of nucleosome positioning in TATA-less genes or human genes in general.
Introduction
Transcriptional regulation of numerous human and mouse cytokines during the differentiation of Th1 and Th2 cells from naive precursors involves epigenetic modifications whereby cytokine genes undergo extensive chromatin remodeling leading to stable and heritable gene expression. 1 Examples include IL-4, IL-5, IL-13, RAD50 and IFNg. Knowledge of chromatin remodeling including the regulation of DNA methylation of other cytokine genes than those involved in T-cell differentiation is still limited.
IL-1a is produced by various immune cells and is constitutively produced by epithelial, endothelial, fat and microglial cells as well as keratinocytes. 2, 3 Several elements in the promoter region involved in gene regulation contain positive (for example, Sp1, AP1) or negative regulatory transcription factor and DNase I hypersensitive sites. [4] [5] [6] [7] Furthermore, differential methylation of the proximal promoter has been shown to be associated with allele-specific expression of the gene. 8 Changes in DNA methylation and histone modifications can selectively activate or inactivate genes that control various cellular processes and determine when a gene is expressed during development or differentiation. 9 In addition to DNA methylation, silenced chromatin contains a number of specific histone modifications, such as methylated histone 3 lysine 9 (H3K9me3) and histone deacetylation. Conversely, active chromatin, accessible for transcription regulators contains other modifications like methylated H3K4 and acetylated H3 and H4, whereas the DNA is unmethylated. 9 Recently it has been shown that the presence or position of nucleosomes in eukaryotic genomes also contributes to gene regulation, because wrapping of DNA into a nucleosome directly influences factor binding to cognate sites. Previously, depletion of nucleosomes at transcriptional start sites of active genes was shown to be a widespread feature in yeast and fly genes, 10 but fewer observations have been made in human cells. The human stress-inducible gene GRP78 and a gene involved in mismatch repair MLH1 are two examples in mammals of nucleosome depletion at active promoters or other regions. 11, 12 Reversible depletion upon activation was shown at the inducible IL-2 promoter, 13 inducible changes were shown in the G-MCSF promoter/enhancer regions, 14 the IL12p35 promoter, 15 whereas the enhancer of the IFN-B gene was shown to be constitutively depleted. 16 Nucleosome positioning is influenced by DNA sequence, chromatin remodelers and non-histone chromatin factors together influencing gene regulation, mechanisms of transcription and the inheritance of chromatin states. High-resolution genomic maps, describing nucleosome positions are now being constructed. [17] [18] [19] Some nucleosome-positioning elements have been identified, however, it is clear that not all high affinity nucleosome-positioning sequences are known. Using whole genome searches with the known sequences it was possible to predict the enrichment of nucleosome excluding sequences in 5 0 regulatory regions. 20 In addition, in a genome-wide mapping for enrichment of DNase I hypersensitivity sites (DNase HS), that are also potential nucleosome-free regions in human cells, showed such regions are located within 2000 bp upstream of genes and transcription start sites. A correlation has been found between a cluster of DNase HS sites and the presence of nucleosome excluding sites. 20 From recent studies on chromatin structure it has become apparent that nucleosome positioning and in some cases nucleosome exclusion play important roles in transcription regulation. Whether nucleosome positioning is a cause or consequence of active transcription is still under debate; however, attempts at finding cis-acting modulators or specific sequences that can predict nucleosome eviction have been made. Ganapathi et al. 20 suggest that nucleosome exclusion might be important for transcription at TATA-less gene promoters, because they find those elements enriched in TATA-less genes. This is important to note as the majority of core promoters (70-80%) are TATA-less. 21 So far, nucleosome positioning has been studied in few mammalian genes like GRP78, MLH1, IL-2, GM-CSF, IL12p35 and IFN-B, all of which except MLH1 have a TATA box in their promoter. Here, we wish to investigate the chromatin configuration including DNA methylation and nucleosome positioning in the proximal promoter of the human TATA-less IL-1A gene in expressing and non-expressing cells.
Materials and methods

Cell culture
The human keratinocyte HaCaT cell line was cultured in MEM, supplemented with 10% heat-inactivated FCS, 2 mM Glutamate, 1 mM Sodium Pyruvate, 0.1 mM nonessential amino acids (all these are from Invitrogen, Carlsbad, CA, USA). The normal human fibroblast LD419 cell line was cultured in McCoy's 5A supplemented with 20% FCS. The IL-1a non-expressing Burkitt's lymphoma Namalwa cell line was cultured in DMEM supplemented with 10% FCS. The IL-1a non expressing melanoma 888 cell line was cultured and maintained in IMDM medium containing 10% FCS.
Quantitative RT-PCR Total RNA isolation including a DNase treatment was performed using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. First strand cDNA was synthesized from total RNA using Superscript III (Invitrogen) and random hexamers (Invitrogen). Realtime reverse transcriptase (RT)-PCR for IL-1a and GAPDH mRNA was performed using an Opticon light cycler using gene-specific primers and probes (Biosearch Technologies, Novato, CA, USA) ( Table 1) .
ChIP
Chromatin immunoprecipitation (ChIP) analyses using antihistones/modified histones antibodies were performed as previously described. 22 Briefly, cells were crosslinked with 1% formaldehyde for 10 min at 37 1C, washed two times with ice-cold phosphate-buffered saline (PBS), once with buffer A (20 mM HEPES pH 7.6, 0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA) and Table 1 Primer sequences used in this study
PCR amplicon
Use Sequence
Epigenetic regulation of the human IL-1A gene JGI van Rietschoten et al once with buffer B (50 mM HEPES pH 7.6, 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA). Washes with buffers A and B consisted of a 10 min rotation and a 7 min spin at 500 g (1200) r.p.m.) at 4 1C. The resulting nuclei were then lysed using the ChIP lysis buffer and sonicated so that the bulk of DNA fragments were 100-200 bp long. Antibodies used were: 5 mg of anti total histone H3 (ab1791, Abcam, Cambridge, MA, USA), 10 mg of anti AcH3 (no. 06-599, Upstate Biotechnologies/Millipore, Billerica, MA, USA), 15 mg of anti triMeK9 H3 (ab1186, Abcam). Quantitative analyses were done on an Opticon light cycler using Sybergreen (Sigma, St Louis, MO, USA) and probes. Primer sequences are listed in Table 1 .
Methylation analysis using bisulfite genomic sequencing
Bisulfite sequencing was used to analyze the methylation patterns of individual DNA molecules. The IL-1a promoter was amplified by PCR using DNA that was either left untreated or had undergone M.SssI treatment followed by sodium bisulfite conversion according to standard protocols. 23 After the modification with bisulfite the DNA was amplified using primers specific for deaminated DNA (Table 1) . PCR products were then cloned into the pCR2.1 vector provided by TOPO-TA Cloning Kit (Invitrogen) following the manufacturer's instructions. The positively screened colonies contained the unique sequence of one individual DNA molecule. Plasmid DNA from the selected positive colonies was purified using the Qiagen (Valencia, CA, USA) plasmid Mini Kit. Purified plasmids were sequenced at the region of interest.
Nuclei extraction and nucleosomal DNA preparation and analysis Nuclei isolation was performed as previously described. 11 In short, all procedures for nuclei isolation were performed at 4 1C. Actively dividing cells ( 10 7 ) were trypsinized and washed two times with cold PBS. Cells were resuspended in 1 ml RSB buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 ) and kept on ice for 10 min. Following this incubation, 0.1 ml of 10% Nonidet P-40 (NP-40) detergent was added and cells homogenized with 10-15 strokes of the tight pestle of a Dounce homogenizer. Nuclei were washed once with RSB buffer to eliminate the detergent, followed by one wash with M.SssI buffer (10 mM Tris-HCl, pH 7.9, 50 mM NaCl, 10 mM MgCl 2 , 1 mM dithiothreitol, 0.3 M sucrose). Nuclei were resuspended in 1 Â M.SssI buffer to a concentration of 10 7 nuclei per 0.1 ml. Nucleosomal DNA was prepared and analyzed as described before.
11
M.SssI treatments Isolated nuclei were incubated with M.SssI immediately after preparation for 15 min at 37 1C. The methylation reactions were carried out in 1 Â M.SssI buffer with 160 mM SAM (supplied with M.SssI by New England Biolabs, Ipswich, MA, USA). Nuclei from 10 6 cells (B6 mg DNA) in a total reaction volume of 150 ml were treated with 60 U M.SssI. The activity of M.SssI was also tested using 6 mg of purified genomic DNA under the same conditions as described above. Reactions were stopped by the addition of an equal volume of stop solution (20 mM Tris-HCl, pH 7.9, 600 mM NaCl, 1% SDS, 10 mM EDTA, 600 mg ml À1 proteinase K). Samples were incubated at 55 1C for 3 h followed by 37 1C overnight and DNA was purified by phenol/chloroform extraction and ethanol precipitation.
Statistical analysis
Statistical analyses were performed by ANOVA with Bonferroni's multiple comparison post-test. Po0.05 was considered significant.
Results
Expression of the IL-1A gene
To investigate the DNA methylation and chromatin modifications in the regulatory region of the IL-1A gene that are associated with active and silent transcription, we used several cell types either expressing or not expressing IL-1a. Quantitative real-time PCR showed that the human keratinocyte cell line HaCaT and the normal fibroblasts LD419 express IL-1a, although at different levels, whereas the Namalwa cell line and the melanoma cell line 888 do not express IL-1a ( Figure 1 ).
Lack of CpG methylation of the core promoter region of IL-1A is associated with expression First we set out to determine the methylation status of CpG dinucleotides in the IL-1a proximal promoter in IL1a expressing and non-expressing cell lines. We used bisulfite genomic sequencing to examine the methylation status from 300 bp upstream to 40 bp downstream of the transcription start site (TSS). This region contains 10 CpG sites (labeled À9 through þ 1, Figure 2 ). This analysis revealed that the region is fully methylated in nonexpressing Namalwa cells and that in the expressing LD419 cell line CpG À6 through þ 1 are unmethylated, whereas CpG À7 showed partial methylation (40%). A similar pattern was observed in keratinocytes as was shown before. 8 There it was also shown that this region of unmethylated CpGs is specifically restricted to the proximal promoter region; an intronic region further downstream (intron IV) was always fully methylated. In conclusion, this confirms that in cells constitutively expressing IL-1a, the CpGs within 150 bp from the transcription start site are unmethylated, whereas in non-expressing cells these are fully methylated. To examine whether the actively IL-1a-transcribing or non-expressing cells indeed exhibit an active and silent chromatin confirmation of the IL-1a promoter region, we performed ChIP assays. Using antibodies that recognize AcH3 and H3K9Me3, we analyzed several regions throughout the genomic IL-1A locus. We included three regions outside the core promoter, two upstream (R1 & R2) and one downstream (R5), that were shown to be fully methylated in expressing and non-expressing cells before 8 and two regions flanking the transcription start site (R3 & R4), in which the CpGs are unmethylated when transcriptionally active. Together, these are represented in the upper scheme of Figure 3a . As expected, expressing cells (LD419 and HaCaT) show a statistical different enrichment of acetylated histones within their proximal promoter as compared with the neighboring regions R2 and R5 (Po0.05 for HaCaT and respectively Po0.05 and Po0.01 for LD419; (upper two panels, region R3/R4, Figure 3a) ). Also, HaCaT cells in contrast to LD419 cells show a more pronounced acetylation pattern in region R1 as compared with R2. In contrast, the non-expressing cells show no enrichment of AcH3 along the genomic region (lower two panels, Figure 3a) . The non-expressing Namalwa cells showed a B6-fold higher level H3K9Me3 than the IL-1a-expressing HaCaT cells (Figure 3b) . Similar results were obtained for Mel888 and LD419 cells (data not shown). We also tested an antibody recognizing the core histone H3 (H3), because of recent reports indicating that the inability to detect a particular modification was owing to nucleosome depletion at active promoters. When the ratio of the H3-ChIP and AcH3-ChIP was calculated, the increase in AcH3 around the TSS of IL-1a was even more pronounced in the expressing cells, because a two fold dip was observed in the presence of H3 around the TSS compared with the regions outside the core promoter (region R3, Figure 3c ).
Quantitative RT-PCR on oligonucleosomes isolated DNA reveals a dip around the promoter/TSS region of IL-1a
To validate that the observed two fold dip in the ChIP experiment indeed reflects a decrease in nucleosome presence around the TSS, we examined the sensitivity of the various regions of the promoter to Micrococcal nuclease (MNase). This approach has been used before to validate nucleosome depletion in mammalian promoters. 11, 12 IL-1a-expressing LD419 nuclei were treated with MNase at a concentration that yielded a mixture of polynucleosomal DNAs of various lengths. This mixture was loaded on a sucrose gradient to separate fractions enriched in dinucleosomes and trinucleosomes. The DNA of these fractions (Figure 4a, lanes 1 and 2) was then extracted and subjected to quantitative PCR using the same primer sets that were used for the ChIP assay (Figure 4b ). The area showing the presence of decreased amounts of nucleosomes according to the ChIP analysis should also be hypersensitive to MNase and thus yield a similar dip in the PCR product when oligonucleosomal DNA was used as a template. Indeed, both amplified fractions showed a two fold decrease in R3 compared with R1 and R5. R3 showed a two-fold lower enrichment, similar to the trend in the ChIP experiment ( Figure 4b) . As a control real-time PCR analysis was performed on naked DNA partially digested with MNase, showing no enrichment between the different regions (data not shown).
A nucleosome is absent in half of the IL-1a-expressing promoters To further determine if the decrease in histone H3 as observed by ChIP and MNase treatment around the TSS indeed reflects a depletion of nucleosomes, we used methylase-based single promoter analysis (M-SPA), as was developed by Fatemi et al. 24 This method can be used to demonstrate the presence of nucleosomes and other factors on chromatin. We used nuclei isolated from LD419 cells to determine the accessibility of individual CpG motifs to treatment with DNA methyltransferase SssI (M.SssI) as applied in M-SPA. The treatment is followed by bisulfite sequencing to visualize the resulting DNA methylation pattern in individual clones between CpG À7 and þ 1. Patches of B150 bp of relatively undermethylated clones correlate with the approximate positions of nucleosomes on individual sequenced molecules, whereas fully methylated regions reflect accessibility for M.SssI and thereby reflecting the absence of nucleosome positioning. 24 This method will be partially informative for CpG-7, as it is already partially (40%) methylated in untreated LD419 cells, but fully informative over the promoter/TSS region containing CpG À6 through CpG þ 1 that were completely unmethylated in untreated LD419 cells (schematically indicated in Figure 5a, top) .
As a control, treatment of naked DNA with M.SssI resulted in virtually 100% methylation, demonstrating the efficiency of M.SssI methylation at this region (data not shown). In contrast, analysis of individual clones derived from nuclei extracted from constitutively IL-1a expressing LD419 cells show both long patches of protected and unprotected CpGs, spanning roughly 150 bp or longer, that are diagnostic for the presence of a nucleosome (Figure 5a ). The stretches of methylated CpGs represent nucleosome free regions and the 
Discussion
In this study, we have investigated the chromatin environment of the human TATA-less IL-1a promoter.
We were able to demonstrate that active transcription is associated with an unmethylated promoter and active chromatin marks, whereas in non-expressing cells the promoter was methylated and contained silent chromatin marks. Interestingly, the ChIP experiments detecting H3 with chromatin from expressing cells showed a two fold dip within the proximal promoter region, which was confirmed by quantification of oligonucleosomal DNA within the same region. The unmethylated promoter region of IL-1a allowed us to apply M-SPA and visualize the accessibility of the DNA that represents the absence or presence of nucleosomes at the chromatin in individual DNA molecules. This approach confirmed our observations that in half of the molecules the promoter is fully accessible to the enzyme, suggesting the absence of a nucleosome within these promoter regions in IL-1a-expressing cells. The underlying mechanism responsible for (partial) nucleosome depletion from promoters is not fully understood, but it seems that in general nucleosomes occur at well-defined positions. Our observations using ChIP and quantification on oligonucleosomal DNA suggest that the accessibility of half of the DNA molecules to SssI represents the presence or absence of one well positioned nucleosome and is restricted to the position just upstream of the TSS. It does not extend further within the gene, because amplification of region R4 just downstream of the TSS indicates the presence of a nucleosome again comparable to the levels of the other regions outside the proximal promoter region (Figure 4b ). In addition, DNase I hypersensitive sites, which classically are associated with nucleosome-free regions 25 are known to be enriched within regions upstream of TSSs, 20 and have been found to be present in the IL-1a proximal promoter around CpG À2/À3 and CpG À6.
6,7 Here, we describe the lack of a nucleosome in half of the DNA molecules in this precise region. These observations will be pursued for IL-1a and other genes in primary cells in the future. In addition, we would like to point out that for the ChIP experiments we have sheared our DNA to small fragments (to the order of B100-200 bp), which results in higher specificity for the modifications, in contrast to what is generally used in ChIP experiments (to the order of B500-1000 bp). In view of this, HaCaT cells in contrast to LD419 cells show a more pronounced acetylation pattern in region R1 versus R2 (Figure 3a) . This observation possibly reflects differences in allowing transcription factors to bind resulting in different expression levels of the two cell types.
IL-1A is an example of a class of genes that contains no TATA box within its promoter and no CpG island around the transcription start region. Currently there is not much 
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Epigenetic regulation of the human IL-1A geneknown of these types of promoters with respect to their chromatin configuration and epigenetic regulation. Unlike CpG island promoters, which are most often TATAless promoters, CpG depleted promoters seem to have a DNA methylation pattern that is much more regulated, correlating with the tissue-specific expression. 26, 27 Those types of promoters could have their own epigenetic characteristics to drive transcription. One question that remains is whether the occurrence of a nucleosome-free region on half the promoters is the result of monoallelic expression within one cell (one allele with a nucleosome and one allele lacking a nucleosome) or in two different cells as a biallelic phenomenon that differs between cells (one cell with two fully occupied promoters and one with one nucleosome missing on both strands). At this moment, we can only speculate on this issue, however, recent studies have shown wide-scale monoallelic expression. 28 It would also be interesting to analyze nucleosome occupation in non-expressing cells to see whether it is a stable or induced phenomenon. If our observation for IL-1A resembles a typical example for nucleosome occupation in human cells, it could also help to explain why in chromosome-wide studies aimed to find a general depletion at human and in mouse promoters such a marked nucleosome depletion was not as evident as in other organisms. 29 Another possibility could be that it is characteristic of TATA-less promoters as certain nucleosome exclusion motifs are found to be more frequently present in TATA-less promoters. 20 Recently it has been described that the promoters of TATA-less genes are transcribed by different core-promoter factors than TATA-containing promoters. 21 This could result in different timing or occupation of the promoter sites possibly explaining why this TATA-less gene is structured and regulated in this way.
